The transport of neutral amino acids in marine pseudomonad B-16 (ATCC 19855) has been investigated. From patterns of competitive inhibition, mutant analysis, and kinetic data, two active transport systems with overlapping substrate specificities were distinguished and characterized. One system (DAG) served glycine, D-alanine, D-serine, and a-aminoisobutyric acid (AIB) and, to a lesser extent, L-alanine and possibly other related neutral D-and L-amino acids. The other system (IXV) showed high stereospecificity for neutral amino acids with the L configuration and served primarily to transport L-leucine, L-isoleucine, i-valine, and L-alanine. This system exhibited low affinity for a-aminoisobutyric acid. Neither system was able to recognize structural analogues with modified a-amino or a-carboxyl groups.
In recent years, a considerable body of information has been accumulated on the nature of amino acid transport systems in a wide variety of cells and tissues. In general, the systems found in bacteria tend to exhibit high substrate specificities and, consequently, serve the uptakes of only single or closely related amino acids (for recent reviews, see references 14 and 28) . In a few cases, however, bacterial transport systems capable of recognizing a wider range of amino acids have been reported (2, 17, 33) . Eukaryotic amino acid transport systems, on the other hand, tend to be less specific than those of bacteria, although systems having narrow substrate specificities have been described (16, 39) . In both groups of organisms, the transport of amino acids by multiple transport systems with overlapping affinities has been well documented (12, 14, 16, 28, 34 different amino acid transport systems of a cell have been suggested (4, 29) .
The transport systems mediating amino acid uptake in marine bacteria have not been identified previously. Unlike most prokaryotic transport systems, those of marine bacteria are distinguished by their requirements for Na+ for activity (10, 25) . Recent communications (15, 37, 38, 42, 43 ) from this laboratory have considered the roles of inorganic cations and the mechanism of energy coupling in the active transport of neutral amino acids in the marine pseudomonad B-16. In line with these studies, this investigation into the types of amino acid transport systems present in marine pseudomonad B-16 was initiated. Two systems that mediate the uptake of neutral amino acids in this marine bacterium were distinguished and are described in this report.
(These studies were submitted by J.E.F. in partial fulfilment of the requirements for the Ph.D. degree at McGill University, Quebec, Canada, 1974 . Part of this work was presented at the 23rd Annual Meeting of the Canadian ,uM, 0.2 pCi/jimol) and screened for their capacity to transport "4C-labeled AIB, by the autoradiographic technique of Zwaig and Lin (46) .
Isolation of leucine transport-negative mutants. Cells of variant 3 (wild type) grown to stationary phase in succinate minimal medium were harvested by centrifugation and suspended in fresh medium to their original concentration. A 20-ml portion of culture was irradiated with ultraviolet light in an open petri dish until 99.9% of the population was nonviable (29-s exposure; Havonia ultraviolet lamp type 16200). A portion of the irradiated culture was then incubated for 6 h at 25 C on a rotary shaker. The selection of transport-negative mutants was based on the tritium suicide method (23, 24) . L-[3H]leucine (5 Ci/mmol; 0.5 mCi/ml of culture) was added to 2 ml of culture, and incubation was continued for 90 min. The cells were washed twice in complete salts solution, suspended in the complex liquid medium and, after 38 h of storage at 4 C, plated onto the complex solid medium and incubated at 25 C for 2 days. Survivors of the suicide selection procedure were replica plated (21) onto a similar medium containing L-[14C]leucine (12.5 qM; 0.2 HCi/glmol) and screened via the autoradiographic technique of Zwaig and Lin (46) for their capacity to transport the labeled amino acid.
Possible transporti-negative mutants were isolated, purified twice, and screened for L-["4C]leucine transport capacity by the standard membrane (Millipore Corp., Bedford, Mass.) filtration technique.
Transport studies using the Millipore membrane filtration technique. Midlogarithmic-phase cells were grown and prepared for transport studies as previously described (11 Initial rates of uptake were determined from the linear portion of curves obtained by plotting uptake versus time at 30-s intervals for 2 to 3 min. Approximations of this rate could be obtained by measuring uptakes after the first minute of incubation and correcting for background. When approximating the initial rate, reactions were carried out in serological tubes containing 0.6 ml of suspension, under conditions as described above.
A comparison of uptake by wild-type and mutant strains was made on a dry weight basis. To obtain equal dry weights of cells, a rough approximation of the dry weights was obtained from a curve relating optical density of the suspension to dry weight. Since this did not give a sufficiently accurate estimate of dry weight for subsequent calculations, a viable count was also made on the suspension and, unless otherwise indicated, corrections for the dry weight were made on the basis of the fact that 1 mg of cell dry weight was found to correspond to approximately 4 x J. BACTERIOL. Table 3 ) and to inhibit the growth of the marine pseudomonad in succinate minimal medium. As in a number of other bacteria (8), D-serine was found to interfere with the biosynthesis of pantothenic acid in the marine pseudomonad (J. Fein, Ph.D. thesis, McGill Univ., Montreal, Quebec, Canada, 1974).
In Fig. 1 To examine further the nature of the system that transports AIB, the uptakes of various "4C-labeled amino acids by the wild-type strain and by mutant DAG 157 were compared ( Fig. 2 and Table 2 ). In these studies, the "4C-labeled amino acids tested were added to the suspending medium at a final concentration of 1.5 x 10-' M. As illustrated (Fig. 2) , the transport of glycine, D-alanine and D-serine, in addition to that of AIB, was significantly reduced in the mutant. The rates of transport of a number of other amino acids into the mutant did not, on the other hand, appear to be significantly different from the rates observed in the wild-type strain ( Table 2 ). It would, therefore, appear that the transport defect expressed in AIB transport-negative mutants of marine pseudomonad B-16 is of a similar nature to that expressed in a dagA strain of Escherichia coli (7, 34) . For this reason, the system responsible for the uptake of D-alanine and related amino acids in marine pseudomonad B-16 has been referred to as the DAG system, and the mutants have been named with the prefix DAG. This terminology should in no way be taken to imply that this system is identical to the one described in E. coli.
Characterization of leucine transport-negative mutants. The approach taken to isolate leucine transport-negative mutants was first to select against leucine transport-positive cells in the mutagenized culture with L-[3H ]leucine by the tritium suicide technique (23, 24 ) and then to screen for leucine transport-negative strains among the survivors by the autoradiographic method of Zwaig and Lin (46) . Three leucine transport-negative mutants were obtained in this manner (strains LIV 1, LIV 2, and LIV 3). To further characterize these mutants, they were screened by the Millipore membrane filtration method for their capacities to transport several neutral amino acids when the latter were present in the incubation medium at a concentration of 150 gM (Fig. 3 8 .0 x 10-3 M) of AIB concentrations (Fig. 4A) . By the method of Neal (27) , approximate values for the Michaelis constants for transport via the high-affinity and low-affinity processes were determined to be 2.7 x 10-5 and 2. shown by the data presented in Fig. 4B in which the kinetics of AIB transport in the wild-type strain was examined in greater detail at high substrate concentrations (8.0 x 10-i to 1.67 x 10-2 M).
In contrast to the results obtained with the wild-type strain, the double-reciprocal plot for AIB transport in mutant DAG 157 was linear over the concentration range 1.0 x 10-I to 1.33 x 10-2 M (Fig. 4C) . The apparent Michaelis constant for this transport was 1.4 x 10-3 M, in close correspondence to the value obtained for the low-affinity process in the wild-type strain. Each of the other D-serine-resistant, AIB transport-negative mutants was also found to be missing the high-affinity process. It can, therefore, be concluded that high-affinity AIB transport in the wild-type strain is mediated by the DAG system. Similar kinetic studies have also been carried out with strain LIV 1 (3.3 x 10-5 to 1.33 x 10-2 M AIB). As illustrated in Fig. 4D , a linear reciprocal plot with an apparent k, of 2.8 x 10-5 M was obtained, corresponding to the k, for AIB transport by the DAG system in the wild-type strain.
It would, therefore, appear that the LIV system was responsible for the low-affinity AIB transport detected in the wild-type strain.
Substrate specificity of the DAG transport system. A series of competition experiments was carried out to determine in more detail the substrate specificity of the DAG transport system. Cells of the wild-type strain were incubated for 1 min with 2.5 x 10-5 M "4C-labeled AIB, both in the presence and absence of unlabeled a-amino acids, dipeptides, and structural analogues at 5 x 10-4 M. At the low AIB concentration selected, no uptake was found to occur via the LIV system (Fig. 4) . Strong inhibition of high-affinity AIB uptake was produced by many of the a-amino acids tested (Table 3) . A large group of neutral amino acids inhibited uptake 89% or more. A second group containing both neutral and basic amino acids had intermediate activity. The acidic amino acids L-aspartate and L-glutamate, as well as L-isoleucine and L-lysine and the dipeptides glycylglycine and DL-alanylglycine, however, were not effective inhibitors of this system.
Since L-glutamine and L-asparagine were found to be strong inhibitors of AIB uptake, it is possible that the negative charge on the carboxyl side groups of L-glutamic and L-aspartic acids reduced the capacity of these amino acids to inhibit high-affinity AIB transport. found to be competitive by Lineweaver-Burk plots.
The stereospecificity of the DAG transport system was examined by determining the effec- tiveness of a series of straight-chain D-and L-a-amino acids as competitive inhibitors of high-affinity AIB transport (Fig. 5) . Whereas the L-a-amino acids were strong to moderate inhibitors at all chain lengths tested, the D-aamino acids were poor inhibitors at chain lengths of three and four carbon atoms, corresponding to D-norvaline and D-norleucine. The strongest inhibitors were found to be glycine, Dand L-alanine, and L-a-amino-N-butyrate. D-aAmino-N-butyrate, although still a good competitor, was not as effective as its L isomer. These results suggest that the DAG transport system shows apparent stereospecificity only towards a-amino acids that contain bulky side chains. In these cases, it is the L configuration that is recognized.
Since AIB, which has no a-hydrogen, and glycine, which lacks a side chain on the a-carbon, have high affinities for the DAG transport system, it would appear that neither an ahydrogen nor a side chain on the a-carbon is required for recognition by the binding site of this system. Various analogues with modified a-amino and a-carboxyl groups were tested as potential competitive inhibitors of the DAG system, and all were found to be inactive (Table   3) . It would therefore appear that the minimal structural requirements that allowed so many a-amino acids to be recognized by the DAG system (Table 3) were the presence of a free a-amino group and a free a-carboxyl group on VOL. 124, 1975 on July 4, 2017 by guest http://jb.asm.org/ Downloaded from these compounds. Since L-serine and L-threonine were as effective inhibitors of AIB uptake as L-alanine and L-a-amino-N-butyrate were, one can conclude that the presence of a hydroxyl group on the ,B carbon does not affect the affinity of an amino acid for the DAG transport system. On the other hand, the fact that Lvaline and L-isoleucine are less effective inhibitors than their straight-chain analogues suggests that the presence of a methyl group attached as a branch to the ,B carbon of an amino acid considerably reduces the affinity of this system for that amino acid.
The finding that many of the competitive inhibitors of AIB transport via the DAG system were transported into mutant DAG 157 at rates comparable to those observed in the wild-type strain (Table 2) warranted further investigation. In particular, it was important to establish whether the various competitors were transported via the DAG system or were merely recognized by the binding site.
To examine this question, a detailed investigation into the transport of L-alanine was carried out. This amino acid was one of the strongest competitive inhibitors of AIB transport via the DAG system (Table 3 ), yet the rates of L-alanine uptake by DAG 157 and by the wild-type strain were identical (Table 2 ). Evidence that L-alanine was, in fact, a substrate of the DAG transport system was first obtained in a competition study in which the effects of glycine, AIB, and various unlabeled D-and L-amino acids on the initial rate of L-[3H ]alanine uptake in the wild-type strain and in the mutant DAG 157 were compared (Table 4) . Although the rates of uptake of L-alanine by the two strains were about equal when the concen-J. BACTERIOL. tration of L-alanine in the medium was 150 yM, with 25 AM L-alanine in the medium the mutant took up only 66% as much amino acid as the wild type. This pattern of uptake in the mutant has been observed repeatedly. Table 4 also shows that when the concentration of L-alanine in the medium was 25,uM the various amino acids added as inhibitors reduced the initial rate of L-alanine uptake by the wild-type strain from 31 to 76%. At the same L-alanine concentration, L-alanine uptake by mutant DAG 157 was inhibited only slightly or not at all by AIB, glycine, and the D-amino acids tested but to nearly the same extent as in the wildtype strain by L-serine and L-a-amino-Nbutyrate. In Table 3 and Fig. 5 , it is shown that glycine and short-chain D-amino acids are strong competitive inhibitors of AIB transport via the DAG system. The inability of these same amino acids to inhibit L-alanine transport in the mutant strain when L-alanine is present in the medium at 25 MM suggests that L-alanine is transported into marine pseudomonad B-16 by at least two transport systems and that one of these is the DAG system. When the L-alanine concentration in the medium was increased from 25 to 150 AM, both D-serine and D-aamino-N-butyrate became less effective inhibitors of L-alanine uptake by the wild-type strain (Table 4) . This suggests that, as the extracellular L-alanine concentration is increased, the contribution made by the DAG transport system to the total uptake of L-alanine by the wild-type strain becomes less significant.
Multiplicity of L-alanine transport systems. Preliminary evidence has suggested that L-alanine transport in marine pseudomonad B-16 is mediated by two independent transport systems, the DAG transport system and an uncharacterized system with apparent stereospecificity for L-amino acids (Table 4) . From the evidence presented in Fig. 3 and 4 , it would appear that this latter system is the LIV transport system. This interpretation is supported by the observation that L-[3H]alanine uptake in a mutant with a defective DAG transport system (strain DAG 157) was competitively inhibited by AIB, with an apparent K1 of 2.0 x 10-' M (Fig. 6 ). This value for K, corresponds well with the previously observed Michaelis constant (Kt = 1.4 x 10-3 M) for AIB transport via the LIV transport system (Fig. 4) .
A clear demonstration of heterogeneity and of the involvement of the DAG and LIV transport systems in L-alanine uptake was obtained in a competition study in which the capacity of D-alanine to inhibit the uptake of L-alanine in mutants lacking either system was measured (Fig. 7) . Although D-alanine was found to have little effect on L-alanine uptake by strain DAG 157, except at very high inhibitor concentrations, low levels of D-alanine (1 mM) caused a marked inhibition of L-alanine uptake in strain ,sg/ml) with L-['Hjalanine (7.92 MCiIumol) in a reaction mixture containing buffered complete salts, chloramphenicol (100 Mg/ml), and unlabeled AIB where indicated. Symbols: 0, no inhibitor; 0, 500,uM AIB; *, 2.5 mM AIB. exclusively by the DAG transport system, L-aianine uptake in strain LIV 1 must also occur by this system. Similarly, the finding that L-alanine transport is resistant to inhibition by low levels of D-alanine in strain DAG 157 and partially resistant in the wild-type strain (Table   4 ), but not in the mutant LIV 1, suggests that L-alanine transport in strain DAG 157 is mediated by the LIV transport system.
The heterogeneity of L-alanine transport activity was not revealed in kinetic studies with the wild-type strain. As illustrated in Fig. 8A , the reciprocal plot of the initial rates of L-alanine uptake versus the extracellular L-alanine concentration was linear over the concentration range tested (10 to 200 ,tM) . The failure to observe biphasic kinetics cannot, however, be considered as evidence against heterogeneity since linear plots are derived in cases in which heterogeneity involves multiple transport systems with similar kinetic parameters for a substrate (4) . That this was the case for L-alanine uptake via the DAG and LIV transport systems is shown in Fig. 8B . In this experiment, mutants DAG 157 and LIV 1 were used to study L-alanine transport by each system separately. Substrate specificity of the LIV transport system. The substrate specificity of the LIV transport system was investigated by measuring the capacity of a number of amino acids and structural analogues to inhibit the transport of L-[3H]alanine or "4C-labeled AIB in strain DAG 157. From the results presented in Table 5 , it would appear that this system has highest affinity for neutral a-amino acids in the L configuration.
Sprott and MacLeod (38) have recently demonstrated that L-alanine is rapidly metabolized by marine pseudomonad B-16. It is unlikely, however, that the competition studies with L-[3 H]alanine (Table 5) reflect competition for metabolism rather than for transport since a similar pattern of inhibition was observed when measuring the uptake of "4C-labeled AIB. The competition studies were carried out in the presence of chloramphenicol to prevent protein biosynthesis.
To the extent studied, the minimal structural requirements for reactivity of an amino acid with the LIV transport system were found to be more complex than those reported above for activity with the DAG transport system. Modification of either the position or the structure of the a-amino or a-carboxyl group of an amino acid abolished the capacity of the modified compound to inhibit amino acid transport by the LIV transport system ( Table 5 ). The weak inhibition of L-alanine transport in strain DAG 157 by glycine, as opposed to the strong inhibi-J. BACTERIOL.
on July 4, 2017 by guest http://jb.asm.org/ Downloaded from tion by L-alanine and L-a-amino-N-butyrate, suggests that the presence of an aliphatic group in the a, position of an amino acid (corresponding to the position of the methyl group in L-alanine) may play an important role in the recognition process. Similarly, a hydrogen atom in the a, position of an amino acid (correspondto the position of the a-hydrogen in L-alanine) may be preferred to another group since AIB and the D-amino acids were weak inhibitors. The strict stereospecificity of the LIV transport system has been demonstrated ( Fig. 7 and Table 5 ). The branched-chain amino acids L-valine and L-leucine showed the same strong capacity to inhibit uptake as their straightchain analogues L-norvaline and L-norleucine, suggesting that the LIV transport system recognizes either type of side chain equally well. On the other hand, the finding that L-serine and L-threonine were weaker inhibitors of uptake than were L-alanine and L-a-amino-N-butyrate suggests that the presence of a hydroxyl group on the side chain of an amino acid interferes to some extent with recognition.
Requirement for Na+ for transport via the DAG and LIV systems. The absolute requirement for Na+ for the active transport of AIB and various metabolites in marine pseudomonad B-16 has been well documented (10, 45) . In an attempt to find features that could further distinguish the DAG and LIV transport systems, the optimal level of Na+ for the transport of AIB via each system was determined (Fig. 9) . Leakage of intracellular solutes at low Na+ concentrations (below 0.3 M) was prevented by maintaining a constant molarity with added Li+ (45) . To obtain transport via the DAG system alone, cells of the wild-type strain were incubated with "4C-labeled AIB added to the suspending medium at 1.5 x 10-4 M. At this concentration, transport via the LIV system would have been negligible (Fig. 4) . Transport by the LIV system alone was measured with strain DAG 157, using 7.5 x 10-3 M '"C-labeled AIB. The quantitative requirements of the two transport systems for Na + were found to be similar, with optimal transport activity being observed in the region of 0.3 M NaCl. In the complete absence of Na+, neither system exhibited any capacity to transport AIB (data not shown (9) . The system described in B. megaterium also appears to transport AIB. In S. faecalis (faecium), a system that can operate by either exchange diffusion or by coupling metabolic energy has been implicated in the transport of glycine, L-alanine, L-serine, and L-threonine (1, 3) . Analogues with modified a-amino, a-carboxyl, or a-hydrogen groups were weak inhibitors of this system, as were amino acids with long carbon side chains and those with a D configuration (3). In contrast, a transport system having relatively unspecific structural discrimination among neutral D-amino acids and L-amino acids has been described in S. faecalis R (17) .
Transport systems basically similar to the LIV transport system of marine pseudomonad B-16 have also been reported in a variety of nonmarine bacteria. Cohen and Rickenberg (6) first reported the existence of a stereospecific transport system for leucine, isoleucine, and valine in E. coli K-12. This was followed by reports of similar systems in P. aeruginosa (18) , B. subtilis (20) , Staphylococcus aureus (36) , and in a nontumorigenic strain of Agrobacterium tumefaciens (2) . More recent studies with E. coli K-12, however, indicate that the pattern of branched-chain transport in bacteria is far more complex than was originally thought.
Rahmanian et al. (30) were able to distinguish three transport systems for L-leucine in this bacterium, the LIV-I, LIV-II, and LIV-III systems. The LIV-I system, whose substrate specificity was described above, was found to be the major component of L-leucine uptake (K, = 0.2 gM). This system was sensitive to osmotic shock and was repressed in cells grown in the presence of leucine. The LIV-binding protein appears to be associated with this system. Though very similar to the LIV-I system in substrate specificity, the LIV system of marine J. BACTERIOL.
on July 4, 2017 by guest http://jb.asm.org/ Downloaded from pseudomonad B-16 was not repressed by the growth of cells in a rich medium (complex medium). Furthermore, the LIV transport system appears to be functional in isolated membrane vesicles of marine pseudomonad B-16 (38), and no evidence has been obtained for the association of a LIV-binding protein with this system. The LIV-II system of E. coli K-12 (K, = 2 AM L-leucine) was specific for leucine, isoleucine, and valine. This system was not sensitive to osmotic shock treatment and was not repressed by growth in the presence of leucine.
The L system (K, = approximately 0.2 qM L-leucine) was specific for leucine, sensitive to osmotic shock treatment, and repressed by leucine. The L-binding protein appears to be associated with this system.
An extensive study into the multiplicity of branched-chain amino acid transport systems in E. coli K-12 was also carried out recently by Guardiola et al. (12, 13) . From kinetic and genetic evidence, these workers described a "very-high-affinity" system and two "highaffinity" systems for L-leucine, L-isoleucine, and L-valine and three "low-affinity" transport systems, each specific for either L-leucine, L-isoleucine, or L-valine. The "very-high-affinity" system was inhibited by L-threonine, L-methionine, L-alanine, and by several analogues, including D-serine and D-leucine, and was repressed by growth in the presence of methionine. The "high-affinity" systems appeared to be sterospecific and one ("high-affinity-2") was inhibited by L-threonine.
The possibility of multiple transport systems for L-leucine, L-isoleucine, and L-valine in marine pseudomonad B-16 would also appear likely since mutants with defective LIV transport systems exhibited some capacity for transporting these amino acids when the latter were present in the suspending medium (at a 1.5 x 10-4 M concentration). Competition studies have indicated that the branched-chain amino acids have some affinity for the DAG system, but whether they are in fact transported by this system has yet to be determined. In addition, the possible existence of other, more-specific transport systems for one or more of the branched-chain amino acids, or for that matter other neutral amino acids studied here, can not be ruled out at this time. With the DAG and LIV transport-negative mutants that we have isolated, we hope that some of these questions can be resolved. The isolation of a double mutant with defective DAG and LIV transport systems would also be helpful.
The extremely low affinity of the LIV transport system for AIB (K, = 1.4 x 10' M) explains why several earlier workers from this laboratory (42, 45) did not detect the heterogeneity of AIB transport in this microorganism. In their studies, the highest AIB concentration used in the suspending medium never exceeded 150 ,M, well below the level at which measurable transport by the LIV transport system can be obtained. Thus, in all previous studies of AIB transport into marine pseudomonad B-16, except one, transport by the DAG system was being measured (42, 43, 45) . The one exception was a transport study using a thick cell suspension technique in which the AIB concentration used in the experiments was 3 mM (41). While this manuscript was in preparation, Reizer and Grossowicz (33) demonstrated possible heterogeneity in the uptake of AIB in a thermophilic bacillus. The specificity of AIB uptake in the thermophile was similar to that reported here for AIB transport via the DAG transport system of marine pseudomonad B-16. AIB transport in the thermophile, however, showed no requirment for Na+ for activity (33).
